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Available online 4 November 2014AbstractComposite, diffusive titanium nitride layers formed on a titanium and aluminum sub-layer were produced on the AZ91D magnesium alloy.
The layers were obtained using a hybrid method which combined the PVD processes with the final sealing by a hydrothermal treatment. The
microstructure, resistance to corrosion, mechanical damage, and frictional wear of the layers were examined. The properties of the AZ91D alloy
covered with these layers were compared with those of the untreated alloy and of some engineering materials such as 316L stainless steel,
100Cr6 bearing steel, and the AZ91D alloy subjected to commercial anodizing. It has been found that the composite diffusive nitride layer
produced on the AZ91D alloy and then sealed by the hydrothermal treatment ensures the corrosion resistance comparable with that of 316L
stainless steel. The layers are characterized by higher electrochemical durability which is due to the surface being overbuilt with the titanium
oxides formed, as shown by the XPS examinations, from titanium nitride during the hydrothermal treatment. The composite titanium nitride
layers exhibit high resistance to mechanical damage and wear, including frictional wear which is comparable with that of 100Cr6 bearing steel.
The performance properties of the AZ91D magnesium alloy covered with the composite titanium nitride coating are substantially superior to
those of the alloy subjected to commercial anodizing which is the dominant technique employed in industrial practice.
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Elsevier B.V.
Keywords: Magnesium alloys; Titanium nitride; Layers; Hybrid method; Microstructure; Properties
Open access under CC BY-NC-ND license.1. Introduction
The interest in the magnesium alloys, which are the lightest
among other structural materials, is systematically increasing.
Because, however, of their relatively poor surface properties,
magnesium alloys cannot be used in many attractive applica-
tion fields. Various surface treatments, applied to magnesium* Corresponding author. Tel.: þ48 22 234 8204; fax: þ48 22 234 8705.
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2213-9567/Copyright 2014, National Engineering Research Center for Magnesium Alloys of China, Choalloys in the engineering practice thus far [1e3], such as e.g.
the predominating anodizing, do not satisfy the increased re-
quirements of the exploitation where the material is exposed to
intensive corrosion or wear conditions. In particular, the
problem which is still difficult to solve is how to produce a
surface layer with a high corrosion resistance which at the
same time has equally good tribological properties. Among
new effective methods of surface engineering which seek a
solution, especially actively in the domain of plasma electro-
lytic oxidation (PEO) [1], the covering of the magnesium al-
loys with nitrides of various metals seems to be a prospective
issue. The nitride coatings, usually produced by the PVD
methods, such as magnetron sputtering and arc evaporation,ngqing University. Production and hosting by Elsevier B.V. Open access under CC BY-NC-ND license.
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[4e11], but, because of their adhesive character and the
stepwise change of the properties between the hard coating
and the soft substrate, the load bearing capacity is relatively
limited. Nevertheless unlike the PEO-produced coatings, the
nitride coatings have a smooth surface which is their advan-
tage in precision tribological applications [7]. The main
drawback of the nitride coatings, which thus far excludes the
possibility of their industrial application, is the relatively poor
corrosion resistance [7,12e16] which depends on the layer
tightness limited here by the intrinsic porosity and unavoidable
defects (chiefly in the form of droplets, craters, and pinholes
which are the source of discontinuities) characteristic of PVD-
produced coatings. It should be noted that, because of the
cathodic character of both metallic coatings and electric cur-
rent conducting nitride coatings, including chromium and ti-
tanium nitrides, good tightness is the crucial condition of high
corrosion resistance of the coating. Otherwise, the corrosive
environment penetrates into the coating through its disconti-
nuities, resulting in galvanic corrosion between the coating
and the substrate [7,12e16]. If the substrate is a magnesium
alloy, then, because of the very low corrosion potential of
magnesium, the electromotive force of these corrosion cells is
high which promotes accelerated galvanic-type corrosion. This
is why different solutions are being sought how to improve the
tightness of the coatings by eliminating the effect of the un-
avoidable defects [7,9,14e16]. It is also worth noting that in
order to maintain the good tightness of the protective surface
layers on magnesium alloys during their exploitation under the
conditions of severe mechanical impacts the coatings should in
addition be resistant to mechanical damage, such as scratches,
point perforation, and frictional wear.
A promising method of improving the corrosion resistance
of the AZ91D magnesium alloy is a four-stage hybrid method,
recently developed, which yields tight, composite, diffusive
titanium nitride layers with a titanium and aluminum sub-
layer. The key stage of this method is the operation of final
sealing of the layer using a chemical type method which
consists of a hydrothermal treatment [15]. The microstructure
of the layers was investigated in details in other studies [18].
The present study was devoted to a detailed comparative
characterization of the performance properties of the com-
posite titanium nitride layers-coated AZ91D alloy such as
corrosion resistance and durability in terms of the resistance to
mechanical damage and wear. The engineering materials
selected as the reference to compare the properties of the
layers covered AZ91D alloy with those of the AZ91DFig. 1. Schematic representation of the hybrid method used for producmagnesium alloy, the alloy subjected to commercial anod-
izing, 316L stainless steel, and 100Cr6 bearing steel.
2. Experimental method
The composite, diffusive TiNeTieAl10 type titanium
nitride surface layers with a titanium and aluminum sub-layer
(TiN2Ti1Al10) about 10 mm thick were produced on the
AZ91D magnesium alloy (9 wt% Al, 0.7 wt% Zn) using a
four-stage hybrid method (Fig. 1) which combines the depo-
sition of the successive layers: an intermediate aluminum
coating, a transition titanium coating, both by the magnetron
sputtering method, and then an outer titanium nitride coating
(of the TiN type) by the arc evaporation method. A detailed
description of the deposition process conditions was given
earlier [15]. The final stage of the hybrid method included
sealing of the layer using a hydrothermal treatment in a boiling
water bath [15].
Various variants of the TiN2Ti1Al10 layer produced on the
AZ91D alloy were investigated (Table 1). The layer was
examined in as-deposited (TiN2Ti1Al10), sealed by the hy-
drothermal treatment (TiN2Ti1Al10_S), and, in another
variant annealed prior to the sealing operation
(TiN2Ti1Al10_AS).
The properties of the AZ91D alloy coated with the TiN2-
Ti1Al10 layer were compared first with the properties of the
uncoated alloy and then, in terms of its competitiveness, with
those of other reference engineering materials (Table 1) such
as the AZ91D alloy subjected commercial anodizing and two
selected steels i.e. 316L stainless steel and 100Cr6 bearing
steel considering its being an alternative in the applications,
respectively, with an exposure to intensive corrosion condi-
tions, and with increased wear risk such that is the case in
moving parts of machines and other devices. It should be
noted here that, the imperative requirement, imposed by
various benefits related to the mass reduction of the products,
in particular ecological, that the materials used traditionally in
the engineering practice, in the first place steel, should be
replaced by light-weight alloys in particular the lightest
magnesium alloys, is a great challenge to nowadays surface
engineering.
The characterization of the TiN2Ti1Al10 layers included
examinations of the microstructure, electrochemical exami-
nations of the corrosion resistance using the polarization and
impedance spectroscopy methods, investigations of the me-
chanical durability under the exposure to point loads, scratches
based respectively on the modified Daimler type test using HVing the composite diffusive titanium nitride TiN2Ti1Al10 layers.
Table 1
Variants of the investigated materials.
Material Denotation Constituent layer type
and thickness [mm]
TiN Ti Al
AZ91D AZ91D e e e
AZ91D þ commercial
anodizing
ANOD e e e
AZ91D þ TiNeTieAl TiN2Ti1Al10 2 1 10
AZ91D þ TiNeTieAl TiN2Ti1Al10_Sa 2 1 10
AZ91D þ TiNeTieAl TiN2Ti1Al10_ASb 2 1 10
316L steel 316L e e e
100Cr6 steel 100Cr6 e e e
a Sealed by hydrothermal treatment.
b Annealed up to 100 C before the sealing treatment.
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the frictional wear resistance by a modified Amsler method of
the disc-on-block type. It should be emphasized here that in
view of the cathodic character of the electric-current con-
ducting layers formed on magnesium alloys including the
layer examined here, and the high chemical activity of mag-
nesium, it is equally important that, in addition to the high
corrosion resistance, the layer-substrate system should have
good mechanical durability under heavy duty exploitation
conditions, including the risk of damages under a concentrated
point loads, scratches, and frictional wear, so as to preserve the
tightness of the layer during its exploitation.
The microstructure of the layers was characterized using
metallographic examinations, X-ray diffraction analysis
(XRD) e Siemens D500 spectrometer, scanning electron mi-
croscopy (SEM) observations e Hitachi SU70 scanning mi-
croscope, and secondary ion mass spectrometry (SIMS) e
Cameca IMS6F spectrometer [18]. SEM examinations of the
cross-sections of the layers were performed using the samples
prepared by the FIB method using a Hitachi NB 5000 dual
beam apparatus [18]. The phase composition of the layers
surface subjected to the sealing operation surface was char-
acterized based on the X-ray photoelectron spectrometry
(XPS) e Thermo Electron (VG Scientific) Microlab 350
microanalyzer.
The corrosion resistance of the materials selected for the
present study (Table 1) was examined with the use of the
potentiodynamic and impedance spectroscopy (EIS) methods
in a 0.5 M NaCl solution, using the AUTOLAB PGSTAT 100
potentiostat in the trielectrode system (tested electrode e
reference electrode (SCE saturated calomel electrode) e
auxiliary electrode (platinum)) The impedance spectroscopy
tests were conducted with a voltage signal amplitude of 20 mV
and frequency of 103 to 105 Hz. The samples were polarized
at a potential variation rate of 0.2 mV/s. The impedance
spectra were analyzed using the Boukamp's EQUIVCRT
software. The spectra obtained were presented in the form of a
Bode and Nyquist plot. Wear tests were performed in accor-
dance with Polish standard PN-82/H-04332 using the modified
Amsler method of the disk-on-block type. The wear system,
lubricated with oil (SAE 30), was composed of a tested platesample (10  10  3 mm) and a heat-treated 1045 steel disk
(35HRC, diameter 4 35 mm, 10 mm thick) as counter-body.
The tests were performed within the load range up to 200 N
with the rotational speed of 200 revolutions/min for 1 h. After
the test, the wear tracks were analyzed using SEM. The
resistance of the layers to the concentrated point loads was
determined using a modified Daimler test by analyzing the
TiN2Ti1Al10 layersesubstrate system response to the Vickers
HV1 indentation (SEM observation). The behavior of the
system in scratch conditions was examined using the CSM
Revetest Scratch Tester.
3. Results and discussion3.1. Microstructure and surface morphologyThe surface morphology of the TiN2Ti1Al10 layer pro-
duced on the AZ91D magnesium alloy by the hybrid method
is shown in Fig. 2 and its microstructure e in Fig. 3.
The surface morphology of the layer is characterized by the
presence of defects, such as droplets (1) and craters (2)
(Fig. 2a, b) which are typical of the coatings produced by arc
evaporation used for depositing the outer titanium nitride
coating. These defects are unfavorable from the point of view
of the layer tightness and thus they may degrade its anticor-
rosion properties. Hence the idea has arisen to seal the layer
during the final stage of the hybrid process using a hydro-
thermal treatment [15]. The sealing operation resulted in the
layer surface (Fig. 2b,c) as well as the pores and discontinu-
ities present in the titanium nitride outer layer and titanium
sub-layers [18] being overbuilt with the products of the reac-
tion that takes place during the hydrothermal treatment. The
XPS analysis (Table 2) of the titanium nitride surface sub-
jected to the sealing by the hydrothermal treatment, conducted
in a boiling water bath, shows the presence of a great fraction
of oxides which is evidence that, during this treatment, tita-
nium nitride undergoes transformation into titanium oxides
with the predominance of the oxide of the TO2 type.
As can be seen in Fig. 3, the TiN2Ti1Al10 layer is
composed of three sub-layers: a golden-color outer TiN type
titanium nitride layer (ca. 2.5 mm thick) with the TiN stoi-
chiometric structure [18], gray titanium sub-layer (ca. 1 mm
thick), and a light-gray aluminum sub-layer (ca. 5.5 mm thick)
formed at the substrate. Hence, the total thickness of the
TiN2Ti1Al10 layer is close to 10 mm. The thicknesses of the
individual sub-layers were determined using calotest and an
analysis of spherical sections.
In macroscopic terms, the layer adheres well to the sub-
strate, and the individual sub-layers adhere well to one
another. Complex structural examinations (SEM-FIB, SIMS,
and XRD e realized within the framework of another work
[18]), conducted at the same time, have shown that the
diffusion processes, which proceed between the layer and the
substrate and most probably also between the individual sub-
layers during the deposition of the TiN2Ti1Al10 layer on
the AZ91D alloy by the hybrid method, yield a diffusion layer
bonded with the substrate through a double diffusion zone
Fig. 2. Surface morphology of the composite titanium nitride TiN2Ti1Al10
layer produced on AZ91D alloy: a, b e in the as-deposited state (1 e droplets,
2 e craters), c e after sealing by the hydrothermal treatment.
Fig. 3. Microstructure of the composite titanium nitride TiN2Ti1Al10 layer
produced on AZ91D alloy.
Table 2
Binding energy peaks and the corresponding phase composition of the tita-
nium nitride surface after the hydrothermal treatment in boiling water bath
(XPS).
Peak Binding energy, eV At, % Phase
Ti2p3 458.5 23.1 TiO2
Ti2p3 454.6 1.9 TiO
Ti2p3 456.9 3.3 Ti2O3
O1s 530.2 29.3 Other oxides
Ti2p3 455.4 8.4 TiN
Ti2p3 456.2 3.9 Ti nitride
N1s 397.2 29.1 Other nitrides
e e 1.1 Other
e e S100
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zone immediately adjacent to the substrate is composed of the
Al12Mg17 phase neighboring with the Al3Mg2 phase posi-
tioned above it. The structure of the TiN2Ti1Al10 layer
produced on the AZ91D magnesium alloy by the hybrid
method (Fig. 1) can be schematically represented by a model
shown in Fig. 4.The fact that the layer has the diffusion character is un-
doubtedly advantageous from the point of view of both the
corrosion resistance and mechanical durability, since the
diffusion zones tighten the layer and improve its adhesion to
the substrate and also the adhesion between the individual sub-
layers. The diffusion bonding of the layer with the substrate
prevents the penetration of the corrosive environment along
the layeresubstrate interface, an effect which could enhance
the corrosion processes of the galvanic character that take
place underneath the layer. The SEM structural examinations
of the layers cross-sections prepared by the FIB method [18],
have shown that the hydrothermal treatment, seal the layer
very effectively. Any open pores and discontinuities formed in
the constituent sub-layers during the successive stages of the
hybrid process are not observed in the final structure of the
composite TiN2Ti1Al10 layer. All the constituent sub-layers
are tight, which is evidence that the oxides form not only on
the surface of the outer zone of titanium nitride but also inside
the open pores and discontinuities thereby sealing the layer.
The closed voids which persist in the interface regions be-
tween the Al3Mg2 and Al12Mg17 zones and between TiN and
Ti zones, are of technological origins and have no influence on
the layer tightness [18]. The zone composite structure of the
TiN2Ti1Al10 layer produced by the hybrid method (Fig. 4) is
Fig. 4. Model of the structure of the composite titanium nitride TiN2Ti1Al10
layer produced on AZ91D alloy by the hybrid method.
Fig. 5. Polarization curves obtained for the AZ91D alloy covered with com-
posite titanium nitride layers in the as-deposited (TiN2Ti1Al10) and sealed
(TiN2Ti1Al10_S, TiN2Ti1Al10_AS) variants and, for comparison, the un-
treated (AZ91D) and commercially anodized AZ91D alloy (ANOD).
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of the mechanical properties, in particular that of hardness
which should change gradually from the outer hard nitride
zone passing through the two successively softer sub-layers of
titanium and aluminum to the relatively easily deformable
substrate.3.2. Properties
3.2.1. Corrosion resistance
The results of comparative investigations of the corrosion
resistance, performed using the polarization and impedance
spectroscopy methods, are shown in Figs. 5 and 6, respec-
tively. They illustrate the corrosion behavior of the AZ91D
magnesium alloy (AZ91D), the alloy with the as-deposited
composite titanium nitride layer (TiN2Ti1Al10), the sealed
layer (TiN2Ti1Al10_S and TiN2Ti1Al10_AS variants), the
alloy subjected to commercial anodizing (ANOD), and stain-
less 316L steel (316L).
We can see that the composite TiN2Ti1Al10_S titanium
nitride layer produced on the AZ91D alloy essentially alters
the corrosion behavior of this alloy in terms of its chemical
activity. In the presence of the composite layer, the corrosion
potential is shifted by about DEcor ¼ 1300 mV, which results
in the chemical activity of the AZ91D alloy being efficiently
diminished, to the level which characterizes stainless 316L
steel (Fig. 5). The indispensable condition is however that the
layer should be sealed using the hydrothermal treatment,
since the TiN2Ti1Al10 layer in the as-deposited state im-
proves the corrosion resistance only slightly with the corro-
sion potential shift merely DEcor ¼ 50 mV. Moreover, in view
of the presence of typical structural defects (Fig. 2) which
facilitate the penetration of the corrosive environment into the
substrate, the layer favors the corrosion of the galvanic
character associated with the corrosion cells formed betweenthe relatively noble outer TiN type titanium nitride zone
which is cathodic with respect to the highly active magne-
sium alloy substrate. It should be noted that the AZ91D alloy
covered with the sealed TiN2Ti1Al10_S layer, even though
its corrosion potential Ecor ¼ 270 mV is relatively high,
almost identical to that of 316L steel, it does not show,
contrary to this steel, any passive range. Nevertheless the
results of the impedance spectroscopy (Fig. 6) indicate that
the AZ91D covered with the TiN2Ti1Al10_S layer pre-
dominates over 316L steel in that the titanium nitride layer
deposited on it has a higher electrochemical durability. This is
evidenced by the high values of the phase angle of this layer,
measured within a wide frequency range at comparable
values of the impedance modulus, significantly higher then
those of the natural passive layer composed of the Cr2O3 type
chromium oxide to which 316L steel owes its high corrosion
resistance. It seems that the high electrochemical durability
of the TiN2Ti1Al10_S layer can be in some measure a
counterbalance to the lack of passivity. What is more, when
testing various modifications of the hybrid process we found
that if the hydrothermal treatment is preceded by annealing
within the temperature range up to 100 C, even though the
latter treatment results in some decrease of the electro-
chemical parameters (corrosion potential, impedance, phase
modulus and angle), the TiN2Ti1Al10_AS layer, finally
formed (Figs. 5 and 6), permits achieving a wide passivation
range with the positive breakdown potential Enp ¼ 960 mV,
substantially higher than that of 316L steel (Enp ¼ 230 mV).
The increase of the corrosion resistance of the AZ91D alloy
due to the deposition of the titanium nitride composite layer
(TiN2Ti1Al10_S) layer on its surface is predominant signif-
icantly over the results obtained by commercial anodizing of
this alloy. This is evidenced by the greater shift of the
corrosion potential (Figs. 5 and 6), the higher values of the
impedance and, especially, with the TiN2Ti1Al10_AS variant
Fig. 6. Impedance spectroscopy results obtained for the AZ91D alloy covered
with composite titanium nitride layers in the as-deposited (TiN2Ti1Al10) and
sealed (TiN2Ti1Al10_S TiN2Ti1Al10_AS) variants and, for comparison, the
untreated (AZ91D), anodized AZ91D alloy (ANOD) and 316L stainless steel
(316L): a e impedance modulus, b e phase angle, c e Nyquist plots (*,** e
TiN2Ti1Al10 and AZ91D plots are invisible due to low impedance values).
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with the high positive breakdown potential Enp ¼ 960 mV,
which does not occur in this alloy after subjecting to anod-
izing (Fig. 5).
3.2.2. Mechanical properties
The TiNTi1Al10 layer produced on the AZ91D alloy in-
creases the surface hardness of the alloy by almost one order
of magnitude (from about 100 HV0.05 to about 850 HV0.05).
Despite the important difference in hardness between the
outside nitride zone and the substrate, the layer, when sub-
jected to point loads applied in the HV1 indentation (modified
Daimler test), does not show the so-called ‘ice effect’ (Fig. 7)
characteristic of the hard layeresoft substrate systems such as
is for example observed. Al2O3eMgO ceramic layers pro-
duced by plasma oxidation and the CrN-type chromium nitride
layers produced with an intermediary sub-layer on the AZ91
alloy [7].
An efficient alternative solution seems to be that devel-
oped by Hoche et al. [7] in which they produced are com-
posite titanium nitride layers based on the TiMgN e oxide
sub-layer system resistant to corrosion and to the ‘ice ef-
fect’. However their load bearing capacity was found rela-
tively low because of the limited ductility of the ceramic sub-
layers system. Yet another solution free from ‘ice effect’
examined by Zang et al. [17] was the modifying of the
substrate surface by titanium ion implantation prior to the
deposition of titanium nitride. In the modified Daimler test,
the TiN2Ti1Al10 layer shows good ductility and good
adhesion to the substrate and also between the individual sub-
layers (Fig. 7). Contrary to the TiNeTi type titanium nitride
coatings deposited directly on magnesium alloys without an
aluminum sub-layer [19], the TiN2Ti1Al10 layer shows no
de-cohesion from the substrate or between the individual sub-
layers nor crack propagation along the outer edges of the
indentation or in its vicinity. This behavior can be attributed,
on the one hand, to the diffusive and gradient character of the
layer which, is due to the presence of the titanium and
aluminum sub-layers the latter being diffusively bonded to
the substrate. On the other hand, the nanocrystalline structure
of the outer titanium nitride zone, observed in the structural
examinations [18], favors the ductility. That the adherence of
the layer to the substrate is good has been confirmed by the
scratch test (Fig. 8). Neither in the scratch itself nor in its
neighborhood (Fig. 8a) spalling of the layer was observed
until the layer is perforate to the substrate (Fig. 8b). The layer
deforms plastically and is gradually removed beginning from
the surface down through its entire depth. From the point of
view of the protective function of the layer, this behavior is
very advantageous since it preserves all the time, its protec-
tive properties until the last aluminum sub-layer is perforated
during wear, without any untimely decohesion of the layers
from the substrate.
The results of comparative investigations of the wear
resistance using the modified Amsler method of the disc-on-
block type are shown in Fig. 9. The figure summarizes the
results obtained for the untreated AZ91D magnesium alloy
Fig. 7. Appearance of the indentations HV1 in the composite titanium nitride
TiN2Ti1Al10 layer on AZ91D alloy (modified Daimler test).
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layer in the as-deposited state (TiN2Ti1Al10) and after sealing
by the hydrothermal treatment (Ti2NTi1Al10_S), the alloy
subjected to commercial anodizing (ANOD), and 100Cr6 type
bearing steel of the (100Cr6).
The results indicate that the composite titanium nitride
layer, in both the as-deposited state (TiN2Ti1Al10 variant)
and after sealing (TiN2Ti1Al10_S variant) improves very
effectively the wear resistance of the AZ91D alloy (Fig. 9a).
The wear substantially decreases by much more than one
order of magnitude and the improvements of the wear
resistance in both variants of the TiN2Ti1Al10 layer is
similar. The composite TiN2Ti1Al10_S layer produced on
the AZ91D alloy and then sealed by the hydrothermalFig. 8. Appearance of the scratch formed in the composite titanium nitride TiN2TiA
in which the layer is perforated to the substrate (SEM and EDS mapping).treatment, ensures the tribological resistance several times
higher than the layer formed on the anodized (ANOD) alloy,
and comparable with the wear resistance of 100Cr6 bearing
steel (Fig. 9b). It is worth noting, that, even under the
maximum loads (200 N) applied in the Amsler test, obser-
vations of the wear track (Fig. 9c) show no spalling of the
layer, and thereby confirm its resistance to the ‘ice effect’.
That the AZ91D magnesium alloy e composite titanium
nitride TiN2Ti1Al10_S layer system is not susceptible to this
effect can be attributed to several favorable factors such as
the gradient character of the layer, the diffusive nature of the
bonding between the layer and the substrate [18], and the
relatively low stress state. In fact the magnitude of stresses
active in the diffusive composite titanium nitride TiN2-
Ti1Al10 layer with the titanium and aluminum sub-layer
based on the X-ray examinations was found to be lower by
one order of magnitude than that induced in the titanium
nitride surface layer deposited without the aluminum sub-
layer of the TiN2Ti1 type [11] which is susceptible to
spalling.
Summing up the results obtained in the present study which
was concerned with the microstructure and properties of the
composite titanium nitride TiN2Ti1Al10 layers produced on
the AZ91D magnesium alloy in hybrid process including a
final sealing by the hydrothermal treatment, it should be noted
that, thanks to these layers we obtain excellent performance
properties with, the high corrosion resistance combined with
high tribological and mechanical resistance. This is essential
when certain potential heavy duty applications, under complex
severe exposures to corrosive and mechanical degradation, are
concerned. When the layers are exploited in corrosive envi-
ronment and at the same time exposed to point loads,l10 layer during the scratch test: a e general view, b e fragment of the scratch
Fig. 9. Wear resistance and wear track in Amsler test of the composite titanium
nitride TiN2Ti1Al10 layers on AZ91D alloy: a e wear resistance of the as-
deposited (TiN2Ti1Al10) and sealed variant (TiN2Ti1Al10_S, TiN2Ti1A-
l10_AS) referred to wear behavior AZ91D alloy, and: b e compared with the
wear resistance of commercially anodized AZ91D alloy (ANOD) and of the
316L steel (316L) as reference engineering materials, c e wear track in the
sealed composite titanium nitride TiN2Ti1Al10_S layer.
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tance to damage and wear acquire particular significance for
the durability of its protective function, in view of the cathodic
character of the titanium nitride layers with respect to the
chemically highly-active magnesium alloy substrate which
will create the risk of accelerated galvanic corrosion if the
continuity of the layer is disturbed due to wear or mechanical
damage.
4. Conclusions
1. A highly corrosion resistant composite titanium nitride
layers with a titanium nitride and aluminum sub-layers
were produced on the AZ91D magnesium alloy using a
PVD based-hybrid method, recently developed, whose key
operation is the final sealing by a hydrothermal treatment.
The corrosion resistance of the AZ91D alloy covered with
the composite layer, achieved the resistance of the 316L
type stainless steel.
2. In addition to its high corrosion resistance, the composite
titanium nitride layer produced on the AZ91D magnesium
alloy shows high resistance to mechanical damage under
any kind of exposure such as point loads, scratching, and
wear, which in view of the cathodic character of the layer
is extremely important in terms of reducing the risk of
occurrence of accelerated galvanic type corrosion once the
layer continuity is mechanically broken. The wear resis-
tance of this layer within the broad range of loads (up to
200 N) is comparable with that of 100Cr6 type bearing-
steels. The good mechanical resistance of the layer is
undoubtedly due to its diffusive and gradient-type
character.
3. Both the corrosion and wear resistances of the AZ91D
alloy covered with the composite titanium nitride layer are
significantly higher than those of the same alloy
commercially anodized. In particular, the key advantage of
the composite layer is its passive behavior with the high
positive breakdown potential of about Ecor ¼ 960 mV
obtained thanks to the proposed modified hybrid treatment
in which sealing is preceded by annealing.
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